The volume changes for the binding of various ligands to metmyoglobin and methemoglobin have been determined from the effect of pressure on the binding constants (for metmyoglobin) and by direct dilatometry (for methemoglobin). The volume changes associated with the binding of cyanide and azide ions to methemoglobin are pH-dependent. The volume change for the binding reaction is evidently affected by the same subtle structural variations that have been judged to be present from the variation with pH of enthalpy and entropy for the binding reactions in these proteins. Hydration changes and spin state changes which have been postulated to be linked with structural variations in these proteins must be pH-dependent. The volume changes, AV, that result from chemical reactions involving proteins are believed to be influenced by changes in conformation and hydration that accompany these reactions, but little is known about the relationship between these volume changes and the structural changes in the protein and in the solvent that are responsible for them.
point of interest of this reaction is that although the ligand binding reactions of all methemoglobins studied so far show a relatively small dependence of log KL (and therefore of AG) on the pH between pH 6 and 9, AH and AS are strongly pHdependent. It has been suggested that these large compensating effects might arise in at least two ways: (a) through conformational changes in the protein, which would give rise to enthalpy and entropy changes of the same sign, and would therefore compensate at least to some extent (2, 3, 5) ; and (b) hydration changes, which might give rise to exact compensation if water in a hydration sheath underwent a continuous "phase change" while always in equilibrium with the solvent water (6) . Since large volume changes might be expected to accompany either of these two mechanisms, it is of interest to determine whether there is a large pH dependence of AV for the binding reactions of the heme proteins.
Volume changes of chemical reactions can be most conveniently measured in two ways for systems that are of interest here: by mixing the heme protein and the ligand in a dilatometer, and by the effect of pressure on the binding constant through the thermodynamic relationship AV = -RT d In KL/dP. Typically, dilatometry requires rather large amounts of reactants (0.1 meq, or of the order of 1 g of heme protein per measurement) so it is not suitable for use with expensive proteins such as myoglobin. Fortunately hemoglobin is available in sufficient amounts for this not to be a problem, although quite concentrated solutions are required (approximately 20 g/100 cm3). On the other hand, hemoglobin is adversely affected by relatively low pressures, undergoing a transition between 1 atm (0.1 MPa) and 2000 atm (200 MPa) (7), which is just the pressure range required for the determination of the slope of the plot of In KL against pressure. Metmyoglobin, on the other hand, is much more stable to pressure, being quite unaffected by pressures well above 2000 atm at pH 6-8 and 2° (8) . Therefore, it is possible to determine AV for ligand binding to metmyoglobin through the study of the effect of pressure on the binding constant.
The volume changes accompanying the binding of oxygen and ethylisocyanate by ferrohemoglobin have been studied by Johnson and Schlegel 
MATERIALS AND METHODS
Human hemoglobin was prepared by the usual method and oxidized to methemoglobin with 2-fold excess of potassium ferricyanide (1) . Ferrocyanide and excess ferricyanide were removed by dialysis against 0.05 M Bis-Tris buffer at pH 6.0. Concentrated hemoglobin solutions for the dilatometric measurements were prepared by extended dialysis under pressure against appropriate buffer solutions, so that the dialysate was in osmotic equilibrium with the electrolyte in the protein solution.
Sperm whale myoglobin, obtained from Sigma, was used without further purification. Buffers used in the pressure experiment were cacodylate and Tris; the Tris buffer was prepared from Trizma base (Sigma) and Trizma-HCI (Sigma), which had been dried under reduced pressure prior to use. Bis-Tris and Tris buffers were used in the dilatometric experiments.
All methemoglobin and metmyoglobin solutions studied were 0.05 M in buffer. All measurements were made at 25.0°.
High Pressure Studies. The high pressure optical bomb was designed by W. B. Daniels. This bomb and other features of the high pressure experiment have been described elsewhere (8, 11, 12) .
The ionization constant, K5, of metmyoglobin was determined spectrophotometrically (1) at pressures of 1, 500, 1000, 1500, 2000, 2500, and 3000 kg/cm2; spectra were recorded at each pressure for seven different solutions at pH values of 6.2, 8. 2, 8.4, 8.6, 8.8, 9 .0, and 12.0. Corrections to the absorbance due to compression of the solvent were made using the P-V data on water of Grindley and Lind (13) . The volume change on ionization was found by plotting In KI against the pressure; within the experimental error this plot was a straight line. The binding constants of azide, fluoride, formate, and imidazole to metmyoglobin were determined by the method described by Anusiem et al. (2) . For each ligand, spectra were recorded at 1, 500, 1000, 1500, and 2000 kg/cm2, at each of 10 concentrations of the ligand. In all measurements above 1 atm, corrections to the absorbance due to compression of the solvent were made as described above. Values of the binding constant, ,KL, were calculated for each solution at each pressure. For each solution, In KL was plotted against the pressure. The mean slope of the straight lines drawn through each set of points was used to calculate AV. The error limits reported for AV are estimated from the maximum and minimum slopes consistent with the data as a whole for each ligand.
Dilatometric Measurements. Volume changes were found when 5 ml of buffered methemoglobin solution were mixed in Carlsberg dilatometers with 1 ml of excess ligand in buffer of the same composition as that which was in dialysis equilibrium with the methemoglobin solution during its preparatikn. The dilatometric techniques were those described by Linderstrom-Lang and Lanz (14) . For each methemoglobin solution, control experiments were run in which the methemoglobin solutions were mixed with buffer not containing the ligand. The small volume changes that were observed here are presumably caused by dilution of the concentrated methemoglobin solutions as well as by readjustments of the ionization of the protein caused by slight pH differences between the protein solution and the buffer. .) The methemoglobin concentrations were determined spectrophotometrically as cyanmethemoglobin, using E540 = 10.9 mM-1 cm-1; the rnethemoglobin concentrations were generally around 20 g/100 ml. We estimate that the values of Av could be reproduced to ±0.03 /d, which leads to an uncertainty of the order of 0.6 ml/mol in our dilatometric AV values. Table 1 gives volume changes for the binding of various ligands to metmyoglobin, as determined from the effect of pressure on the binding constants and the ionization constant. The precision of measurement of AV by this method was not sufficient to establish any dependence of AV on the pH in the case of azide binding. Fig. 1 shows the pH dependence of the volume changes for the binding of azide and cyanide to methemoglobin, as determined by dilatometry. It is evident that there is a small pH dependence of AV for both ligands between pH 6 and 7.7. In addition, dilatometric measurements were made of the volume changes for the binding of fluoride and formate to methemoglobin. The AV values found were -0.2 ml/mol for formate at pH 6.5 and 4.7 ml/mol for fluoride at pH 6.3. Within the precision of the measurements, the volume changes for the binding of azide by metmyoglobin and methemoglobin are nearly the same (-11 ml/mol). The volume changes for the binding of fluoride and formate appear to differ by somewhat more than the experimental error for methemoglobin and metmyoglobin (4.7 and -3.3 ml/mol for fluoride, and -0.2 and 7.5 m/mol for formate at pH -6). Proc. Natl. Acad. Sci 
RESULTS
This is equivalent to the removal of a cavity 1.6 A in radius. This volume change is much larger than that associated with the simple movement of the ferric ion into the heme plane AV = AV3 [3] when it changes from the high spin to the low spin state. In the A V = AV4 [4] high spin state the ion is 0. 3 
